Meteorological phenomena involving strong gusts, such as dust devils, occur frequently on Mars. The wind distribution on Mars is essential information for both scientific and engineering research fields. Although landers and rovers have performed weather observations near the surface, the wind has not been measured directly at high altitudes. In this research, a wind structure exploration mission using an airplane is proposed. The flight profiles and the algorithm to estimate the statistical parameters of an atmospheric turbulence model are shown. Additionally, the wind profile model of a dust devil is constructed and is employed for simulating the dynamics of the Mars airplane. The frequency of occurrence of dust devils is calculated from the observation data of past exploration missions. Flight feasibility studies were carried out, and it was revealed that the probability of success of a flight on Mars with an acceptable load factor of 5 is 89%.
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Introduction
The past explorations of Mars have mainly focused on signs of life and geology. Meteorological phenomena such as convection current near the surface, which affects all weather on Mars, have not been observed very well. The wind profile is important information for scientific research of the weather on Mars. Additionally, wind profiles can be applied to the simulation of entry, descent, and landing (EDL), which would contribute to future human exploration. Here, we propose a direct wind observation mission using an airplane. Direct observation using an airplane can attain highly precise measurements at arbitrary positions compared to remote sensing or sensing using rovers and landers.
Several Mars exploration missions using airplanes have been proposed. 1, 2) In Japan, the working group for Mars Exploration Aircraft continues to research and develop a Mars airplane with the aim of conducting a future mission. 3) In this working group, each component of a Mars airplane, such as aerodynamic design for high lift, lightweight structures, and efficient thrusters is discussed. However, the feasibility of flight in Mars weather has not been studied. Meteorological phenomena involving strong gusts, such as dust devils, 4, 5) may deteriorate the probability of mission success. Several gust models are used for designing and analyzing airplanes on Earth, where the static parameters define the continuous gust model. 6) On the other hand, in Ref. 1), flight simulation on Mars was carried out using a gust model on Earth. If a Mars gust model is constructed, it can be applied to the design of a Mars airplane, and realistic flight simulation can be performed.
In this research, an estimation algorithm and flight profile to obtain the statistical information for a Mars turbulence model are proposed. Then, the structure of a dust devil on Mars was modeled using the observed data. Additionally, a continuous gust model was calculated using a large eddy simulation (LES) model. A continuous gust model was applied to simulate the dynamics of the Mars airplane, and the estimation algorithm for statistical parameters was verified. The dust devil model was also applied to simulate dynamics of the Mars airplane, and a feasibility study of the Mars airplane mission was performed. The frequency of occurrence of dust devils was estimated from previous Mars exploration results, and the probability of a successful flight was analyzed.
Wind Speed Estimation using an Airplane

Measured wind speed
Let the ground speed of the wind at position q ¼ ðx; y; zÞ and time t be Wðq; tÞ. Let the measured ground speed and air speed of the airplane at position q ¼ ðx; y; zÞ and time t be V E ðtÞ and V a ðtÞ, respectively. The ground speed of the wind becomes:
Wðq; tÞ ¼ V E ðtÞ À V a ðtÞ ð 1Þ
In this paper, it is assumed that the position and speed of the airplane can be measured by the navigation system using visual images or radio. Additionally, it is assumed that the attitude of the airplane can be determined.
Estimation algorithm of power spectral density
Generally, frozen turbulence, that is, fixed wind distribution in space, is applied to airplane design and analysis. This idea is derived from the concept that an airplane's speed is sufficiently faster than the time variation of the wind. An airplane flies in a large patch of turbulence where the statistic parameters are the same. 7) However, because the turbulence on Mars has not been investigated in detail, a frozen turbulence model cannot be applied. In the present research, a more general model is used. That is, wind distribution is modeled as a sum of the steady term, W st ðqÞ, which depends on only position and the unsteady term, W ust ðq; tÞ. The unsteady term, W ust ðq; tÞ, depends on time and position as follows:
Wðq; tÞ ¼ W st ðqÞ þ W ust ðq; tÞ ð 2Þ
Hereafter, wind on Mars is assumed to be stationary and an ergodic process. When the wind distribution in Eq. (2) is given, the right side of the equation is defined uniquely such that the following is satisfied:
Flight path, P, is defined as follows:
P ¼ fðx; y; zÞjðx; y; zÞ ¼ rðtÞg ð4Þ
Autocorrelation of spatial distribution and time variation of the wind along the flight path, P, are defined in Eqs. (5) and (6), respectively.
Equation (5) is the integral along flight path P, r and r þ a are the position on P, and s is the distance along P. The power spectral densities of steady and unsteady components of the wind are defined as follows:
The continuous turbulence model on Earth is defined using only spatial power spectral density, Eq. (7). On the other hand, it cannot be confirmed that the time variation on Mars is small enough to be ignored. Therefore, in the observation mission, spatial distribution and time variation of the wind should be measured. Therefore, an algorithm to estimate the statistical parameters of spatial distribution and time variation of the wind separately, using an airplane, was newly constructed.
The wind speed measured along the flight path, P, is written as follows:
Autocorrelation of the wind speed measured becomes:
Because it is assumed that the unsteady component, W ust ðq; tÞ, is the stationary process, 8r; lim
is satisfied. From Eq. (3), Eq. (12) is derived.
8r; lim
Additionally, there is no correlation between W st ðqÞ and W ust . From Eqs. (10)- (12),
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is obtained. If the airplane is controlled to fly at a constant ground speed:
From ds ¼ jvjdt and L ¼ jvjT ,
Consequently,
is obtained. The power spectral density of the measured wind speed is obtained using a Fourier transform of Eq. (16):
where jvtj ¼ a and t ¼ a=jvj are used. It is assumed that the power spectral density, S W O ð!Þ, is calculated from the measured data using the sensors equipped on the airplane. The second term on the right side of Eq. (17) becomes a constant value, which does not depend on flight path variation. Therefore, the power spectral densities of the steady and unsteady components of the wind, S W st ð!Þ and S W ust ð!Þ, can be constructed from several power spectral densities, S W O ð!Þ, on flight paths with different speeds.
For example, let the flight speeds of the two flight paths P 1 and P 2 be v 1 and v 2 , respectively. Let the power spectral densities of the measured wind speed along flight paths P 1 and P 2 be S W O 1 ð!Þ and S W O 2 ð!Þ, respectively. Equation (17) becomes: 
is minimized. 4. The estimated power spectral density of unsteady wind is given as
The information obtained by the observation mission should be transmitted to Earth. The size of the data transmitted must be minimized because of the narrow transmission bandwidth. Therefore, power spectral density estimated is approximated as a function having parameters of a finite number.
Martian Wind Model
Meteorological phenomenon on Mars
It is known that a meteorological phenomenon called "dust devil" occurs frequently on Mars. 5) In the research of Ref. 8) , strong winds faster than 50 m/s are expected. In this section, dust devils, which are a typical phenomenon involving strong wind, and continuous turbulence are modeled.
Dust devil model
Dust devils consist of convective vortices generated from the surface. They are observed not only on Earth, but also on Mars.
5) The radius and height of the dust devil are defined by the radius and height of the visible column that contains the dust. From observations on Earth, the following features can be shown.
5) The horizontal wind distribution of the dust devil is approximated as a Rankine vortex having the maximum speed at the radius of the dust devil. The inflow has maximum speed just outside of the column. The vertical flow is dominant at the center.
It is expected that a dust devil raises the dust from the surface, which could affect the climate of Mars significantly. The observations by the rover, lander, and orbiter revealed the size, wind speed, and frequency of occurrence of dust devils on Mars. [9] [10] [11] [12] For example, Ref. 9) reported that the maximum diameter of the observed dust devil was 690 m, and the maximum wind speed was 42 m/s.
Because the wind profiles of dust devils on Mars have not been investigated in detail, a dust devil on Mars was modeled based on observation data gathered on Earth. The tangential is approximated by a Rankine vortex, which is the same as a dust devil on Earth. It is reported that the maximum value of the vertical wind speed is 0.21-1.30 times the maximum value of the tangential wind speed, and inflow at high altitude is small. 5) Refs. 5) and 13) indicated a positive correlation between the scale and maximum wind speed of a dust devil. Based on these characteristics, a dust devil model is defined as follows. The vertical wind speed is 1.3 times the tangential wind speed outside of the core, and 1.3 times the maximum tangential wind speed inside of the core. The radial inflow is zero. From the typical wind speed of dust devils 5) (maximum tangential wind speed is 30 m/s, and diameter is 100 m), the maximum tangential wind speed [m/s] is assumed to be 0.3 times the radius of the dust devil [m] . The wind profiles of a dust devil are defined as follows:
where, U H is tangential wind velocity, U H max is maximum tangential wind velocity, U V is vertical wind velocity, a is the radius of dust devil, and & is the distance from the center of the dust devil. Figure 1 shows the wind distribution of a dust devil. The proposed model has only two parameters, which define the radius and maximum wind speed. An actual dust devil has several characteristics that differ from the proposed model. The wind profile that affects airplane dynamics is strong wind shear. The proposed model is defined so that the wind speed variation is a typical or larger value than the observed one.
Turbulence model
The Mars airplane is designed to fly in the boundary layer, where active convection exists. The dynamics of the airplane cannot be evaluated practically using only discrete gust models. The turbulence near the surface is modeled numerically, and it is applied to the simulating the dynamics of the airplane.
A Martian planetary boundary layer (PBL) experiment is performed with a domain size of a square measuring 19.2 km in the horizontal plane and about 21 km in the vertical plane 14) using LES model. 15, 16) The grid spacing is swept through 100, 50, 25, 10, and 5 m. An isotropic grid is employed below 15 km, and the vertical grid spacing is gradually stretched with increasing height above this altitude. The lateral boundary conditions are the doubled periodic conditions. Sub-grid scale turbulence and surface fluxes are parameterized by the Smagorinsky-type eddy viscosity model 17, 18) and Louis-type model, 19, 20) respectively. The external radiative heating and surface temperature calculated in the one-dimensional simulation conducted by Ref. 21 ) is used here instead of online calculations of the radiation and land processes. A one-dimensional simulation is performed with the conditions of Ls ¼ 100 at 20 N, where Ls is the areocentric longitude of the sun. The optical depth of the dust employed in the simulation is 0.2. Integrations are performed for one Martian day from the initial conditions of a horizontally uniform steady-state at 00:00 local time (LT), except in the 5 m resolution run. The initial conditions include the vertical temperature profile obtained from the one-dimensional simulation and tiny random perturbations. For the 5 m run, integration is performed in half-hour increments from the state of the 10 m resolution run at 14:00 LT. A large number of convective vortices are developed spontaneously in the simulations, and over 3,000 vortices are observed at 14:30 in the 5 m run.
14) The depth of the PBL is almost deepest at 14:30. The theoretical À5/3 energy spectrum in the PBL is represented in all of the resolution runs, while the variance and maximum velocity tend to be larger in the higher resolution run. The variance in vertical velocity is about 21 and 12 m 2 /s 2 around a height of 2 km for the 5 m and 100 m resolution runs, respectively. The maximum upward wind is 22 and 13 m/s at that height for the 5 m and 100 m resolution runs, respectively. In this simulation, the time step of the calculation is 6 Â 10 À3 s in the 5 m resolution run. However, only the results of the 5 min step were stored because of the storage size. The time history data is not sufficient, so it cannot be applied to simulating the dynamics of the airplane in unsteady wind. The obtained results were used as a frozen turbulence model. Trans. Japan Soc. Aero. Space Sci., Vol. 60, No. 4, 2017
Airplane Model
The Mars airplane model used for dynamic simulation in this research is shown in Table 1 and Fig. 6 . It has the same configuration as an experimental airplane dropped from high altitude on Earth that was designed by the working group for Mars exploration aircraft (Fig. 6) .
Although the experimental airplane is not equipped with a thruster, the Mars airplane is planned to have an electric propeller thruster. A dynamic model of the airplane was formulated applying wind tunnel experiments and predictive equations. The dynamics of the thruster and the actuators of the control surfaces were modeled as first-order lag systems with time constants of 1 s and 0.1 s, respectively. The guidance and control system was designed so that the airplane flies in a given direction with a flight path angle of 0 . The structure of the guidance and control system is shown in Eqs. (23)-(33), and the designed gains are provided in Table 2 .
The gains were designed so that the rise time became smaller than the desired value. In particular, K R is designed so that the settling time becomes 0.5 s. The cut-off frequency of the washout filter is designed to be larger than the period of the steady turn with an angle of attack of 6 and a bank angle of 30 .
Simulation of Estimation Method for Power Spectral Density
The estimation method proposed for the power spectral density of the wind was applied to the defined turbulence model and airplane model. The time history of the unsteady wind measured on the Earth at an altitude of 1 m was added to the frozen turbulence model for Mars; then, the model was subjected to simulation. Figure 7 shows the unsteady wind used in the simulation. The frozen turbulence used in the simulation is the distribution at a section of calculated turbulence that is 1,000 m high. In the simulations, the wind input to the airplane dynamics was the summation of the frozen turbulence and unsteady wind. It should be noted that because this wind model was constructed to validate the estimation algorithm using a substitute unsteady wind, it does not express the actual wind on Mars. The unsteady component should be modeled more precisely.
Flight simulations stabilized along two flight paths, level flight with angles of attack of 2 and 6 as presented in Table 3 , were performed. The ground speeds of the airplane are shown in Fig. 8 . It can be seen that the desired ground speeds were attained by the controller. Table 2 . Gains of guidance and control system. Trans. Japan Soc. Aero. Space Sci., Vol. 60, No. 4, 2017 The proposed power spectral density estimation algorithm was applied to the flight results. The power spectral density of the wind speed measured along the flight path, steady wind, and unsteady wind were approximated using Eqs. (34), (35), and (36), respectively.
ð# ¼ x; y; z; i ¼ 1; 2Þ ð 34Þ
ð# ¼ x; y; zÞ ð 35Þ
ð# ¼ x; y; zÞ ð 36Þ
In the estimation algorithm, it is assumed that the airplane is equipped with sensors for measuring position, attitude, and airspeed.
The estimated power spectral density of the steady wind and unsteady wind along the three axes and true values are shown in Figs. 9-11 and 12-14, respectively.
The true power spectral densities of steady wind along the x, y, and z axes decrease as the wave number increases. The negative inclinations become larger where the wave number is larger than 0.25 rad/m. The estimated power spectral density in the format of Eq. (35) shows a similar tendency. It provides an approximate representation of the averaged values of the oscillating true values. It also shows similar inclinations to the true power spectral density.
The estimated power spectral density of the unsteady wind has a positive estimation error. However, fitting the curve of the estimated value represents an inclination of the true value.
Flight Feasibility Study
Flight simulation in a dust devil
In the previous section, flight simulations in continuous turbulence were carried out. However, it cannot be guaranteed that the simulations contain all possible phenomena, such as dust devils, which have wind shear that strongly affects flight dynamics. Therefore, the airplane responses while 1.0E-07
1.0E-05
1.0E-03
1.0E-01
1.0E+01
1.0E+03 Fig. 9 . Power spectral density (steady wind, x-direction). flying in a dust devil were simulated, and the feasibility of flight under these conditions was analyzed.
During actual flight on Mars, several causes may induce mission failure, such as crushing on the surface, structural disorder from large acceleration, and large tracking error or oscillation, which could deteriorate the science mission performance. In the present research, the focus was on acceleration response along the z axis of the airplane.
The relationships between the frequency of occurrence and the radius of the dust devil can be analyzed applying the data from observations on Mars. Therefore, the probability of flight success can be calculated based on the maximum radius of the dust devil in which the airplane can complete the flight.
Let the position of the center of the dust devil be (0 m, 0 m), and the initial x-axis position of the airplane be ¹1,250 m. Flight simulations were performed where the airplane was stabilized to attain level flight in the positive x-axis direction with the desired angle of attack of 6 . In this simulation, the initial y-axis position of the airplane was varied to maximize the acceleration response along the body-fixed z-axis. Table 4 and Fig. 15 show the relationship between the maximum load factor and the radius of the dust devil. The load factor was calculated based on the acceleration of gravity on Mars. It can be seen that the maximum load factor increases linearly as the dust devil radius increases when the radius of the dust devil is larger than approximately 100 m.
Frequency of dust devil occurrence
It has been reported that the frequency of dust devils occuring be approximated as a function of the radius of power law.
22) The number of dust devils, NðDÞ, per unit area and time with a diameter larger than D [m] is formulated as follows:
Let the lifetime of the dust devil be T D ðDÞ, the flight distance be L F , and the flight duration be T F . The number of dust devils generated in an area of L F Â D and in the time of T F , with a diameter of D-ðD þ ÁDÞ, is as follows:
It is assumed that the influential area of the dust devil is square with a side length that is equal to the diameter of the dust devil. The maximum load factor generated when the airplane flies through the square area is equal to the maximum load factor generated by the dust devil. Additionally, the flight path is assumed to be straight. The probability that the airplane does not encounter a dust devil with a diameter of D-ðD þ ÁDÞ is as follows:
The maximum diameter of the dust devil that does not cause flight failure is defined as D C . The probability that the airplane does not encounter a dust devil with a diameter larger than D C becomes, 
In Ref. 10), the number of dust devils in Gusev crater was analyzed using visual images from the Navcam camera equipped on Spirit. This data was applied to estimate the frequency of dust devil occurrence. In an area 4.71 km 2 in size and for a time period of 37,109 s, 351 dust devils were observed. On the other hand, the frequency distributions are observed as a function of the diameter of the dust devil, where the observed area and time are obscure. It should be noted that not all of the small dust devils could be observed. Therefore, the number of dust devils observed that were larger than 10 m is approximated in the power law. It is assumed that all dust devils larger than 10 m were observed. The number of dust devils whose diameter is larger than D is formulated as follows:
In another observation result, the number of dust devils larger than 10 m is 390, and the number of all observed dust devils is 498. Consequently, the number of dust devils in an area 4. Table 5 .
Probability of flight success
The probability that the airplane does not encounter a dust devil that generates critical acceleration on the airplane was estimated using Eq. (37). The flight duration and distance cannot be determined without a specific mission profile. Therefore, based on the mission design example in the working group, they are determined as L F ¼ 10 5 m and T F ¼ 1; 800 s tentatively for this research. The longer lifetime value of the dust devil, 780 s, was used for the estimation. The estimated relations between the estimated probability of flight success and the acceptable load factor are shown in Table 6 . The acceptable load factor was 5 in the initial design by the working group. In this case, the probability of success was 89%. It should be emphasized that this estimation is based on the observation results for a specific region and time. Additionally, a steady and discrete dust devil with uniform wind distribution along the vertical direction was used to estimate the load factor.
Conclusions
The wind structure exploration mission using an airplane, which reveals the statistical parameters of turbulence, was proposed. A numerical simulation of the airplane flight using a continuous turbulence model was performed, and it was validated that the wind model can be estimated with satisfactory precision using the proposed method. This method depends on measuring the position, attitude, and wind velocity. Attitude and wind velocity sensors can be constructed from current devices. However, the development of a positioning system to be used on Mars is an unsolved problem.
The probability of flight success was estimated using the modeled frequency of dust devil occurrence. The success probability was estimated as 89% assuming an acceptable load factor of 5. This value is somewhat low for an exploration mission.
In addition to structural disorder by the large load factor, there are possible failures in the maneuver to enter the Mars atmosphere, release from the entry capsule, expansion of the folding airframe, and pull up. These possible failures decrease the probability of mission success. Therefore, gust responses should be decreased significantly by the flight controller. A precise model and prior information about dust devils may help the development of a high-performance gust alleviation system. 
